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ABSTRACT 
Spectrum is an important factor in determining timbral clarity. An experiment where listeners rate the 
changes in timbral clarity resulting from spectral equalisation (EQ) can provide insight into the relationship 
between EQ and the clarity of string instruments. Overall, higher frequencies contribute to clarity more 
positively than lower ones, but the relationship is programme-item-dependent. Fundamental frequency and 
spectral slope both appear to be important. Change in harmonic centroid (or dimensionless spectral 
centroid) correlates well with change in clarity, more so than octave band boosted/cut, harmonic number 
boosted/cut, or other variations on the spectral centroid. 
1. INTRODUCTION
The clarity of sounds is a key parameter of high quality 
music mixes (e.g. [1], [2] and [3]), as well as a 
characteristic of isolated sounds. Previous studies on the 
clarity of reproduced sound have concentrated on spatial 
clarity, as measured by the C80 (e.g. [4] and [5]), rather 
than timbral clarity, but the spectra of sounds can be 
particularly important: combinations of sounds with 
little spectral overlap are likely to mask each other less 
and to appear more separated (e.g. [6]). Sounds 
featuring a presence peak in the high-mid frequency 
area are likely to appear clearer and louder than sounds 
with less energy in that area [7]. Some important cues 
for speech intelligibility also lie in the high-mid 
frequency area (e.g. [8]). Thus, spectral equalization 
(EQ)—one of the most commonly used mixing tools—
is likely to have an impact on timbral clarity, and this 
may be true both for sounds within a mix and for sounds 
presented in isolation. The balance between low and 
high frequency content has been related to the timbral 
clarity of isolated instruments in the literature but the 
individual sources contradict each other.  On the one 
hand, it is claimed that a reduced harmonic content [9], 
strong, low, even harmonics [10], and a decreased 
spectral slope [9] correlate with clarity.  At the same 
time, an increased spectral slope [11] and a higher 
spectral centroid [11, 12] were shown to increase 
clarity. Fritz et al. found violin clarity to correlate with 
an increase in level between 1520–6080 Hz [13] but this 
is not in accordance with an earlier study by Dünnwald 
[14], where clarity was associated with a lower level 
between 4200 and 6400 Hz. 
This study investigates whether a solo string sound can 
be equalised in order to sound more clear. It is likely 
that the way in which EQ impacts on string clarity 
depends on the spectrum of the programme item. 
Therefore, the listening test presented in this paper 
aimed to answer the research question: How does the 
timbral clarity of a post-EQ solo string instrument 
depend on the spectral boosts or cuts applied and on the 
sound’s original spectral position and slope? In section 
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2, the experimental procedure is introduced. In section 
3, the results are presented and section 4 is a conclusion. 
2. EXPERIMENTAL PROCEDURE 
Listeners compared the clarity of string stimuli featuring 
boosts and cuts in one of six octave bands each against 
an unequalised reference by adjusting a slider (Figure 
1). In section 2.1, the programme items and processing 
are introduced. In section 2.2, the listeners and 
instructions are presented and section 2.3 discusses the 
reduction of bias. 
 
Figure 1: Test interface for paired stimulus comparisons 
2.1. Programme items and processing 
Acoustic parameters with the potential to impact timbral 
clarity were listed in section 1. The strength of the lower 
even harmonics, spectral slope and spectral centroid can 
be altered by EQ. The harmonic spacing depends on the 
fundamental frequency, and the number of harmonics 
varies with spectral slope; hence the chosen programme 
items should vary in fundamental frequency and 
spectral slope. Boosts and cuts at a particular frequency 
can only have an impact on clarity if the sound has 
energy at that frequency, so the chosen items should 
have energy across a broad spectrum.  
Four programme items were selected: bowed cello (8s), 
plucked cello (4s), bowed violin (4s) and plucked violin 
(4s). The plucked programme items have steeper 
spectral slopes than the bowed items; the cello covers a 
lower range of fundamental frequencies than the violin 
(Figures 2–5). For environmental validity, the 
programme items were short musical phrases with 
typical temporal variation, rather than single note 
stimuli. The melodies in the programme items were 
mostly scales without large jumps in pitch: the pitch 
ranges were a 5th for the bowed cello, an octave and a 
minor 3rd for the plucked cello, a major 6th for the 
bowed violin and a major 6th for the plucked violin. The 
items were taken from the Logic Pro 9 Apple loops 
library and the East West Composer’s Complete Gold 
Edition sample library.  
9dB boosts and cuts were applied across the six octave 
bands centred at 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz 
and 8 kHz. Informal listening by the experimenter 
suggested that the bands were fine enough to allow 
listeners to detect subtle changes in timbre but also wide 
enough so that no unpleasant or distracting resonances 
were created. Similarly, 9dB changes provided a good 
balance between audibility and objectionability. The 
boosts and cuts were audible for all programme items, 
although they were less apparent in the 8 kHz octave 
band for the cello. The stimuli were exported as 
44.1 kHz 24-bit WAV files after being processed with 
Logic Pro 9’s parametric equaliser and loudness-
matched by four audio professionals. 
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Figure 2: Long-term average spectrum of the bowed 
violin programme item (median fundamental: 698 Hz) 
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Figure 3: Long-term average spectrum of the plucked 
violin programme item (median fundamental: 679 Hz) 
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Figure 4: Long-term average spectrum of the plucked 
cello programme item (median fundamental: 169 Hz) 
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Figure 5: Long-term average spectrum of the bowed 
cello programme item (median fundamental: 127 Hz) 
2.2. Listeners and instructions 
Experienced listeners are likely to understand the 
terminology and to be able to hear small nuances in the 
spectra [15]. It is recommended that at least ten to 
fifteen suitably trained listeners are employed for 
listening tests [15], hence 17 male and female students 
(undergraduates and postgraduate researchers) of the 
University of Surrey’s Institute of Sound Recording 
took part. The participants were aged between nineteen 
and twenty-seven years old. All subjects were 
experienced in listening tests, as well as in verbalising 
sensations of timbre. As part of their degree course, the 
undergraduate students were receiving extensive 
technical ear training, which included the blind 
identification of EQ changes. None of the participants 
reported having any hearing damage. Only one listener 
undertook the test at a time. Each listener was given an 
instruction sheet before a familiarization stage, followed 
by the paired stimulus comparison procedure. 
The listening test (including familiarization) took place 
in a listening room conforming to ITU-R Standard 
BS.1116, using Bowers & Wilkins Nautilus 801D 
speakers. 
2.3. Reduction of biases 
When test subjects rate an attribute in a listening test 
and if they feel that they cannot express everything they 
are perceiving then this can impact on their rating of the 
tested attribute (dumping bias, [15]). A pilot study 
showed that in listening tests involving paired stimulus 
clarity comparisons, exposure to other attributes can 
reduce statistical noise in the results [16]. The additional 
attributes in the pilot study were brightness, fullness and 
warmth. Brightness was chosen due to the existing 
evidence that it is similar to clarity [17]. Warmth 
appears to correlate with spectral slope and is often 
considered to be negatively correlated with brightness 
[18]. Fullness can be affected by low-frequency spectral 
fluctuations [19]. The same three attributes were also 
used in the current listening test. Subjects compared 
stimuli in terms of each additional attribute on three 
pages. 
In order to counteract sequential bias, the order of the 
pages in each test was randomised. The entire listening 
test was repeated for each subject in a separate session 
in order to test listener consistencies. 
3. RESULTS 
This section presents and analyses the listening test 
results to determine the nature of the impact of EQ and 
original spectrum on string clarity. Section 3.1 
determines whether parametric or non-parametric 
statistical methods are more appropriate for analysis. In 
section 3.2, the contribution of boosts and cuts across 
the six octave bands is assessed. Three possible 
predictors of timbral clarity are then investigated: the 
spectral centroid (section 3.3); the harmonic numbers 
boosted and cut (section 3.4); and the harmonic centroid 
(section 3.5). 
3.1. Suitability of parametric statistics 
The experiment data were interval data. It is unclear 
whether the data were independent: on the one hand, 
each rating was undertaken on a separate page, in order 
to encourage independence. On the other hand, listeners 
may still have compared ratings to each other. 
According to histograms, quantile-quantile plots, 
Kolmogorov-Smirnov and Shapiro-Wilk tests, the data 
were normally distributed with some exceptions: both in 
the Shapiro-Wilk and the Kolmogorov-Smirnov test, 
four of the 48 significance values were below 0.05. The 
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variance was homogenous. Hence, some parametric 
methods alongside some non-parametric methods were 
used. 
3.2. The impact of octave bands on clarity 
In order to assess the impact of boosts and cuts across 
the octave bands on clarity, the distribution of all clarity 
ratings is presented in two box plots, for all boosts 
(Figure 6) and for all cuts (Figure 7). It can be seen that 
higher frequencies contribute to clarity positively (or at 
least less negatively than low ones) and low ones 
contribute negatively: overall, HF boosts seem to 
increase clarity and LF boosts reduce it, and conversely 
for cuts. However, the zero-crossing point and slope of 
a curve imagined through the medians seems to vary 
with programme item, so the fundamental frequency 
and initial spectral slope might both have an impact.
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Figure 6: Clarity ratings for all boosts in comparison to the unequalised reference stimuli 
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Octave bands featuring 9dB cuts
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Figure 7: Clarity ratings for all cuts in comparison to the unequalised reference stimuli 
3.3. Spectral centroids 
As mentioned in the previous section, it appears that 
fundamental frequency and spectral slope might impact 
on the contribution of EQ to clarity. The spectral 
centroid will be affected by these two parameters, as 
well as by boosts/cuts in the stimuli, and might therefore 
be affected similarly to clarity. The spectral centroid is 
also a commonly accepted measure of brightness [20] 
which, as mentioned above, is thought to be similar to 
clarity [17]. The spectral centroid is a weighted mean, 
indicating the frequency (Hz), at which the centre mass 
of energy of a spectrum is situated [12]. It is defined as: 
    C =
f (n)x(n)
n=0
N−1
∑
x(n)
n=0
N−1
∑
 (1.) 
Here, x(n) is the magnitude of bin number n, and f(n) is 
the centre frequency (Hz) of that bin that result from 
performing a Fourier transform on the audio signal. For 
each programme item, the spectral centroids of the 
unprocessed version and all twelve equalised versions 
were calculated. Subsequently, the original centroids 
were subtracted from the equalised centroids to give 
spectral centroid differences. The impact of these 
differences on clarity is plotted in Figure 8. The plot 
shows that raising the spectral centroid by more than 
200Hz can increase clarity significantly. When raising 
the centroid by more than about 400Hz, clarity drops 
again. Lowering the spectral centroid almost always 
makes a significant negative contribution to clarity. The 
Pearson (0.6807, p=1.02e-07) and Spearman (0.8061, 
p=4.75e-12) correlation coefficients both indicate a 
significant positive correlation between the difference in 
spectral centroid and the clarity ratings. The fact that 
clarity drops again when the centroid is raised by more 
than about 400 Hz may be due to the fact that the 
fundamental also needs to be considered: when the 
average fundamental of a sound is already high (the 
stimuli on the far right of the plot are violin stimuli), the 
spectral centroid may not have moved up by a large 
number of harmonics, even if the difference in spectral 
centroids in Hz is high. To investigate this further, the 
harmonic centroid is introduced in section 3.5. Before 
moving on, however, the spectral centroid was 
calculated in three further ways, taking auditory 
perception into consideration. 
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Differences in spectral centroids resulting from EQ (Hz), calculated linearly  
Figure 8: Relationship between difference in spectral centroid and change in clarity. Each line represents the 
confidence interval of the ratings of a stimulus pair, each circle is the median
Frequencies are not spaced linearly across the basilar 
membrane [6] and musical notes are not spaced linearly 
in frequency, but the traditional spectral centroid is 
calculated using linearly spaced frequencies. Hence, it 
was decided to calculate the spectral centroid musically 
and perceptually, using Cent, Mel and Equivalent 
Rectangular Bandwidth (ERB) spaced frequencies.  
The Mel Scale is a perceptual scale of pitch. Stevens et 
al. [21] asked test subjects to adjust the frequency of a 
comparison tone until its pitch appeared to be twice or 
half that of a given reference. Here, the pitch value of a 
1000 Hz tone is defined as 1000 Mels. A tone twice as 
high has a pitch of 2000 Mels. Frequencies in Hz (f) are 
converted to Mels (m) as follows: 
    m( f ) =1127log e(1+ f700)
 (2.) 
In the context of auditory filter modeling, the equivalent 
rectangular bandwidth (ERB) is the bandwidth of a 
rectangular filter passing equivalent energy to the 
auditory filter having the same centre frequency. A 
frequency scale related to ERBN (mean value for 
moderate sound levels and young people with normal 
hearing) can be defined as 
    ERBN( f ) = 21.4 log10(1+ 0.00437 f )  (3.) 
where the value of the ERBN is used as the unit of 
frequency [6] and f is the frequency in Hz. 
The Cent scale is not an absolute measure of frequency, 
but a logarithmic interpretation of the difference 
between two frequencies [22]. There are 100 cents in a 
semitone, and 12 semitones in an octave.  An octave 
interval between two frequencies corresponds to a 
doubling of frequency. As this is a relative, rather than 
absolute, measure, the distance of each frequency value 
from the arbitrary value 27.5 Hz (bottom ‘A’ on a 
piano) was calculated as 
    C( f ) =1200 log2( f27.5)
 (4.) 
For each stimulus pair, the differences between the 
original and processed stimuli in terms of Mel-scaled, 
Cent-scaled and ERB-scaled spectral centroids were 
calculated. Changes in Mel and linear spectral centroids 
appear to be the most useful predictors of clarity 
change. The Mel spectral Centroid has the highest 
Pearson coefficient (0.7217) with median clarity ratings 
and the linear spectral centroid has the highest 
Spearman coeffient (0.8061). All coefficients are shown 
in Table 1. Figure 9 shows the impact of Mel centroids 
on clarity. 
The Pearson coefficient assesses the degree to which the 
relationship between two data sets (in this case spectral 
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centroid deviations and clarity ratings) is linear, whereas 
the Spearman coefficient assesses the degree to which 
the relationship is monotonic. The current experiment 
assesses relative changes in clarity. The aim is to 
establish how reliably raising, e.g. the spectral centroid, 
increases clarity rather than by how much. Hence, the 
degree to which the different spectral centroids have a 
monotonic relationship with clarity is more important 
than the linearity of that relationship. Hence, for this 
work the Spearman coefficient is a more useful 
measure, which means that the linear spectral centroid 
appears to be the best clarity predictor so far. However, 
there is still room for improvement. 
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Differences in spectral centroids resulting from EQ, calculated in Mels  
Figure 9: Relationship between difference in Mel-scaled spectral centroid and clarity. Each line represents the 
confidence interval of the ratings of a stimulus pair and each circle is the median. 
Correlation between clarity ratings and… Pearson Pearson p-value Spearman Spearman p-value 
Change in spectral centroid (linear) 0.6807 1.016e-07 0.8061 4.745e-12 
Change in spectral centroid (Mel) 0.7217 7.122e-09 0.7458 1.182e-09 
Change in spectral centroid (ERB) 0.6985 3.389e-08 0.7197 8.196e-09 
Change in spectral centroid (Cent) 0.6599 3.347e-07 0.6733 1.576e-07 
Harmonic number boosted 0.6565 4.937e-04 0.6570 4.878e-04 
Harmonic number cut 
 
 
-0.3834 0.064 -0.6207 0.001 
 
Table 1 All correlation coefficients, sorted descending by the Spearman coefficient. All correlate significantly 
positively, except “harmonic number cut” (significant negative correlation). All p-values are lower than 0.05
3.4. Harmonics boosted or cut 
As suggested in the preceding section, the differing 
fundamental frequencies covered by each programme 
item could be responsible for the failure of the Mel-
scaled (and other) spectral centroid differences to 
accurately predict clarity change, in particular for very 
large centroid increases (e.g. a linear spectral centroid 
increase of >400 Hz). Each octave band contains some 
of the harmonics of each programme item, but the 
harmonic numbers differ for each instrument, depending 
on the fundamental. In order to establish which 
harmonics were boosted or cut in each stimulus pair, the 
octave band centre frequencies were divided by the 
median fundamental of each programme item (i.e. the 
mid-point of the musical range covered). The impact of 
boosts and cuts of different harmonics on clarity is 
shown in figs. 10 and 11. Harmonics are shown on a 
logarithmic scale for an even spread across the x-axis, 
and in keeping with the approximately logarithmic 
spacing of frequency on the basilar membrane.  
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It appears that boosting higher harmonics or cutting 
lower ones increases clarity, while cutting higher 
harmonics or boosting lower ones reduces clarity. The 
graphs indicate a possible linear relationship, although it 
is difficult to tell from which point exactly the 
contribution to clarity becomes positive. Fitting lines to 
the plots, it appears that cutting frequencies below the 
second harmonic or boosting above the 17th harmonic 
increases clarity. In contrast to raising the spectral 
centroid, the curve appears to be linear, rather than S-
shaped. The harmonic number boosted and clarity 
ratings have a significant positive correlation (Table 2). 
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Harmonic number boosted  
Figure 10: Impact of boosting harmonics on clarity  
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Harmonic number cut  
Figure 11: Impact of cutting harmonics on clarity  
3.5. Harmonic centroids 
In the previous sections, it was suggested that both the 
(Mel-scaled) spectral centroid and the fundamental 
frequencies covered by the programme items influence 
the way in which boosts and cuts in different octave 
bands impact on clarity. In this section, to incorporate 
explicitly the effect of fundamental, the harmonic 
centroid (or dimensionless spectral centroid) is defined 
as the harmonic number where the spectral centroid is 
situated [19]. It is calculated by dividing the spectral 
centroid by the geometric mean of the highest and 
lowest fundamental frequencies played. The impact of 
differences in harmonic centroid, induced by 
equalisation, is shown in Figure 12. Here, we can see 
that raising the harmonic centroid increases clarity. This 
is the case also when boosts or cuts were plotted 
individually. The relationship exhibits a significantly 
positive correlation (Table 2).  
The extent to which clarity increases eventually reaches 
a saturation point: clarity cannot be increased by more 
than about 20% of the scale, and this point is reached 
after raising the harmonic centroid by just a few 
harmonics. This may be due to only applying 9 dB 
boosts and cuts, or it could be a feature of the particular 
programme items chosen, or a general rule; further work 
with an extended dataset would perhaps indicate which 
of these is more likely. 
Figure 12 also shows which octave band was boosted or 
cut in each case. This confirms once again that the 
contribution of the octave bands depends on the input 
signal and is not consistent. 
 
Correlation between ratings and… Pearson Pearson p-value Spearman Spearman p-value 
Change in harmonic centroid 0.6998 3.127e-08 0.8181 1.261e-12 
Change in harmonic centroid, boosts only 0.6966 1.558e-04 0.8131 1.369e-06 
Change in harmonic centroid, cuts only 0.6827 2.370e-04 0.7490 2.540e-05 
Table 2 All correlation coefficients, sorted descending by the Spearman coefficient. All correlate 
significantly positively, except “harmonic number cut” (significant negative correlation). All p-values are 
lower than 0.05 
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Figure 12: Changes in harmonic centroid vs. clarity ratings 
4. SUMMARY, DISCUSSION & CONCLUSION 
Frequency spectra are important in the context of string 
clarity. The listening test described in this paper aimed 
to answer the research question: how does the timbral 
clarity of a post-EQ solo string instrument depend on 
the spectral boosts or cuts applied and on the sound’s 
original spectral position and slope? 
Seventeen test subjects compared forty-eight stimuli, 
featuring one boost or cut each in one of six octave 
bands, to unequalised reference stimuli for four 
programme items (plucked and bowed violin, and 
plucked and bowed cello), using a paired comparison 
test. The octave bands were centred at 250 Hz, 500 Hz, 
1 kHz, 2 kHz, 4 kHz and 8 kHz. The four programme 
items were chosen to differ in their fundamental 
frequencies and spectral slopes, while still having 
similar harmonic structures.  
In general, boosts to high frequencies tend to increase 
timbral clarity and boosts to low frequencies tend to 
reduce it; cuts tend to do the opposite. However, the 
‘turning point’ frequency, where the effect of a boost (or 
cut) changes from decreasing to increasing clarity, 
varies with the original programme item, as does the 
exact degree of clarity change resulting from a 
particular boost or cut. This seems to be due to the 
impact of the original spectrum on the nature of the 
spectral change produced by the applied EQ. 
EQ applied at a frequency significantly above the 
fundamental of a sound with a steep spectral slope will 
have little effect, because there will be little energy 
present at that frequency.  Similarly, EQ applied at a 
frequency below the fundamental will have no effect. A 
lower fundamental will lead to a lower spectral centroid; 
as will a steeper spectral slope. A boost at a particular 
frequency will shift the balance of energy in a sound 
spectrally upward if that frequency lies above the 
original spectral centroid of the sound, but will shift it 
down if it lies below (and conversely for cuts). In this 
way, the direction and degree of impact, on spectral 
balance, of a particular EQ change, can depend on both 
spectral slope and fundamental. 
Changes in the spectral centroid (a measure of spectral 
balance), in particular that calculated on a Mel scale, 
correlate well with changes to clarity. A spectral shift by 
a given number of Hz equates to a shift by a smaller 
number of harmonics for a high-fundamental sound than 
it does for a low-fundamental sound, and to a 
correspondingly smaller change in clarity. 
Consequently, the relationship between harmonic 
number boosted/cut and clarity change is more linear 
than that between octave band boosted/cut and clarity 
change. The harmonic centroid (or dimensionless 
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spectral centroid) takes all of the above into account 
and, of the measures evaluated, changes to the harmonic 
centroid provide the most useful predictor of EQ-
induced changes to timbral clarity for violin and cello. 
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